Aldehyde dehydrogenase ST0064, the closest paralog of previously characterized allosteric non-phosphorylating glyceraldehyde-3-phosphate (GAP) dehydrogenase (GAPN, ST2477) from a thermoacidophilic archaeon, Sulfolobus tokodaii, was expressed heterologously and characterized in detail. ST0064 showed remarkable activity toward succinate semialdehyde (SSA) (K m of 0.0029 mM and k cat of 30.0 s À1 ) with no allosteric regulation. Activity toward GAP was lower (K m of 4.6 mM and k cat of 4.77 s À1 ), and previously predicted succinyl-CoA reductase activity was not detected, suggesting that the enzyme functions practically as succinate semialdehyde dehydrogenase (SSADH). Phylogenetic analysis indicated that archaeal SSADHs and GAPNs are closely related within the aldehyde dehydrogenase superfamily, suggesting that they are of the same origin.
The aldehyde dehydrogenase (ALDH) superfamily is widely distributed among all three domains of life and plays important roles in converting various aldehyde compounds to the corresponding carboxylic acids. 1, 2) In hyperthermophilic archaea, allosteric non-phosphorylating glyceraldehyde-3-phosphate (GAP) dehydrogenase (GAPN), a key enzyme in the glycolytic pathway, has been identified and characterized. [3] [4] [5] [6] A remarkable feature of archaeal GAPNs is allosteric regulation by glucose 1-phosphate (G1P), an intermediate of glycogen metabolism and of maltodextrin uptake. 7) Besides heterotropic activation by G1P, GAPNs from Thermococcus kodakarensis and Sulfolobus tokodaii are homotropically activated by the substrate GAP. 5, 6) Paralogs of GAPNs are found in most hyperthermophilic archaea, whose catalytic role in cellular metabolism or regulation is not yet clear. ST0064 is the closest paralog of GAPN from S. tokodaii (St-GAPN), at 34 and 54% amino acid sequence identity and similarity respectively, and was recently characterized as an aldehyde dehydrogenase with promiscuous substrate specificity using a number of aldehyde compounds. 8) The most effective aldehyde reported is acetaldehyde, with a K m of 6.38 mM, and a k cat of 1.14 s À1 at 80 C, but low maximum activity and an affinity for the aldehyde compounds tested suggest the presence of more physiological substrates of ST0064.
To date, ST0064 orthologs show various functions. For example, two ST0064 orthologs of Metallosphaera sedula (Msed 1774, 56 and 76% amino acid sequence identity and similarity, and Msed 1119, 52 and 72% amino acid sequence identity and similarity) were recently identified as succinate semialdehyde dehydrogenases (SSADHs), although the two enzymes have different catalytic abilities. The latter enzyme exhibits only low activity toward succinate semialdehyde (SSA). 9) Another ST0064 ortholog of Thermoproteus neutrophilus (Tneu 0421, 46 and 69% amino acid sequence identity and similarity) shows succinyl-CoA reductase activity. 10, 11) An ortholog of Methanocaldococcus jannaschii (MJ 1411, 42 and 64% amino acid sequence identity and similarity) shows lactaldehyde dehydrogenase activity with broad substrate specificity. It can utilize propionaldehyde, glyceraldehyde (GA), and crotonaldehyde in addition to lactaldehyde, but no GAP oxidation activity was detected.
12) The crystal structure of MJ 1411 was recently submitted to a public database (PDBID: 3PQA), and its overall structure superimposes well on those of known GAPNs of Thermoproteus tenax (Ttx-GAPN, PDBID: 1KY8) and Streptcoccus mutans (PDBID: 2QE0). Thus ST0064 orthologs are found over large ranges of archaea including all known Sulfolobales species.
In the present study, we explored the function of ST0064 and studied its enzymatic properties in vitro. GAP, SSA, GA, and succinyl-CoA were examined as substrates, and NAD þ and NADP þ were used as co-substrates. The results clearly indicated that ST0064 is not an ALDH with promiscuous substrate specificity, but nothing other than SSADH with a K m for SSA of 0.003 mM, and a k cat of 30.0 s À1 . Based on sequence alignment and phylogenetic analysis, the relationship between GAPNs and SSADHs is discussed below. were purchased from Oriental Yeast (Tokyo, Japan). Escherichia coli strains XL10 GOLD and C43 (DE3), for cloning and expression respectively, were cultured in Luria-Bertani (LB) medium. The st0064 gene of S. tokodaii was amplified by PCR and then inserted between the NdeI and XhoI sites of the pET21a expression vector (Novagen, Madison, WI) to construct an expression plasmid. The primers used were 5 0 -GGG-AATTCCATATGCACCACCACCACCACCACAGCGA-GGTCATAGAGATTAAGTC-3 0 and 5 0 -CCGCTCGAG-TTATAATAACGTTATTGCTATTAACTTAT-3 0 (NdeI and XhoI sites being in italics, and the introduced Histag at the N-terminal being underlined). The recombinant E. coli C43 (DE3) strain was cultured in LB medium containing 0.1 mg/mL of ampicillin at 37 C until OD600 reached 0.6. Then 1 mM isopropyl--thiogalactoside (IPTG) was added, followed by further cultivation at 30 C for 21 h. Recombinant E. coli cells (1 g, wet weight) were suspended in 20 mM Tris-HCl (pH 7.5) containing 0.2 mM phenylmethylsulfonyl fluoride, disrupted by sonication, and then centrifuged (10;000 g for 30 min at 4 C). The resulting supernatant was incubated for 30 min at 80 C and centrifuged (10;000 g for 30 min at 4 C). The supernatant was applied to a HisTrap FF crude column (GE Healthcare, Buckinghamshire, England) preequilibrated with 20 mM Tris-HCl (pH 7.5), and the column was washed with 40 mM imidazole and then eluted with 500 mM imidazole. The peak fraction was subjected to gel filtration on Superdex 200 10/300 GL (GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 7.5) containing 150 mM NaCl. The fractions containing the electrophoretically homogeneous enzyme were pooled and used in characterization. Protein concentrations were determined with a bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL) using bovine serum albumin as standard. The standard enzyme assay was performed in 50 mM EPPS/NaOH (pH 8.0) and 1 mM NADP þ or 5 mM NAD þ in a final volume of 400 mL at 60 C. Reactions were started by the addition of an aldehyde substrate (final concentrations, 5 mM for DL-GAP and 0.5 mM for SSA) in the presence of the purified enzyme after 100 s preincubation. The temperature dependence of the activity of ST0064 was examined at temperatures from 30 to 100 C in 50 mM EPPS/NaOH (pH 8.0). The pH dependence of the activity of ST0064 was examined at 60 C in a pH range 5.5-8.5 using various buffers, including 50 mM of MES, MOPS, and EPPS, adjusted with NaOH. Succinyl-CoA reductase activity was assayed in 50 mM EPPS/NaOH (pH 8.0), 5 mM MgCl 2 , 5 mM DTT, and 1 mM NAD(P)H in a final volume of 400 mL at 60 C. Reactions were started by the addition of 0.5 mM succinyl-CoA. Enzymatic activities were measured by monitoring the increase in NAD(P)H at 340 nm. The kinetic parameters (k cat and K m ) were calculated by iterative curve-fitting with the program KaleidaGraph (Synergy Software).
The purified ST0064 gave a single band corresponding to a molecular mass of 52 kDa (theoretically, 51.2 kDa) on an SDS-PAGE gel. The native molecular mass as determined by gel filtration was 180 kDa, suggesting a homotetrameric subunit composition (Supplemental Table S1 ; see Biosci. Biotechnol. Biochem. Web site). ST0064 catalyzed the non-phosphor- Fig. S1 B and Table 1 ). ST0064 also showed oxidation of GA, although affinity and activity were less than those for GAP or SSA (Supplemental Fig. S1 C and Table 1 ). In this case, ST0064 showed no saturation, even at 20 mM GA (2.8 s À1 in the presence of 5 mM NAD þ and 1.6 s À1 in the presence of 1 mM NADP þ ). Neither Propionaldehyde nor phthalaldehyde served as a substrate. Thus ST0064 showed highest activity toward SSA with relatively broad substrate specificity, while St-GAPN showed no oxidation of SSA, GA, or the other aldehyde compounds (data not shown). Next, succinylCoA reductase activity, shown by an ortholog from T. neutrophilus (Tneu 0421), was examined in ST0064, but no activity was detected in the presence of 0.1-1 mM NADH or NADPH. The activity of ST0064 toward GAP and toward SSA was not affected by such potential effectors as ATP, ADP, AMP, glucose 6-phosphate, fructose 6-phosphate, galactose 1-phosphate, and G1P, although 1 mM coenzyme A slightly inhibited the oxidation of SSA, by 15%. ST0064 exhibited highest activity at 90 C. An Arrhenius plot showed a biphasic or discontinuous characteristic with a break point at 70
C. The Arrhenius activation energies were 30.4 and 5.2 (kJ mol À1 ) below and above the break point respectively. The optimum pH for enzyme activity was approximately 7.0. In these respects, ST0064 showed molecular properties very similar to St-GAPN (Supplemental Table S1 ).
An alignment of the amino acid sequences of ST0064 orthlogs with characterized archaeal GAPNs 4, 5, 13) is shown in Fig. 1 . Group1 in Fig. 1 indicates characterized archaeal GAPNs, and group2 indicates ST0064 orthologs predicted to be SSADH or succinyl-CoA reductase. In the crystal structure of Ttx-GAPN, 13, 14) eight residues were found to constitute the substrate binding pocket (indicated by @ in Fig. 1 ). Among these eight residues, only three, including active center Cys297, general base Glu263, and oxyanion-holeforming Asn168 (the residue numbers for Ttx-GAPN), were almost completely conserved. There was only one exception: the general base glutamate of succinyl-CoA reductase from T. neutrophilus (Tneu 0421) was replaced by alanine. An effector binding pocket has been Group1 indicates characterized archaeal GAPNs: GAPNs from Sulfolobus tokodaii (St-GAPN), Sulfolobus solfataricus (Sso-GAPN), Thermoproteus tenax (Ttx-GAPN), and Thermococcus kodakarensis (Tk-GAPN). Group2 indicates ST0064 orthologs predicted to be SSADH or succinyl-CoA reductase: SSADHs from S. tokodaii (ST0064), putative SSADH from S. solfataricus (Sso1629 and Sso1842), Metallosphaera sedula (Msed 1119 and Msed 1774), and succinyl-CoA reductase from T. neutrophilus (Tneu 0421). Alignment was done with Clustal W. Above the alignment, residues that form the active site, the co-factor binding pocket, and the effector binding pocket are indicated by @, $, and # respectively. Box A: essential residues of the modified Rossman fold (GXTXXG). The solid triangle indicates the catalytic base of CoAindependent aldehyde dehydrogenase, and the hollow triangle indicates the phosphorylated Ser in Sso1842. 19) 100%, 99-80%, and 79-60% conserved similar residues among all sequences are shown against black, dark gray, and light gray backgrounds respectively. identified in Ttx-GAPN, but it was not conserved in the ST0064 orthologs. This is consistent with our observation that ST0064 was not allosterically regulated by any of the effectors tested. ST0064 orthologs lack the 30-amino-acid N-terminal region and the short C-terminal region of archaeal GAPNs. The conserved sequence motif of the modified Rossman fold (GxTxxG), a typical feature of the non-phosphorylating ALDH superfamily, was conserved in all sequences (Fig. 1, box A) . The five residues (Arg213, Cys288, Glu306, Arg334, and Ser498) responsible for substrate binding in SSADH from E. coli (PDB ID: 3JZ4) were not conserved, except for the catalytic ones (Cys288 and Glu306 in E. coli SSADH) in ST0064. SSA binding residues Arg213, Arg334, and Ser498 in E. coli SSADH were replaced by His, Glu, and Arg respectively in ST0064. The amino acid sequence identity of ST0064 to bacterial SSADH was lower than that to archaeal GAPNs, although bacterial SSADHs and archaeal GAPNs showed similar overall structures.
In the present study, ST0064, a paralog of St-GAPN (ST2477), showed low GAP oxidation activity, and the saturation curve for GAP was not sigmoidal, nor was it allosterically affected by G1P or the other metabolites tested. However, ST0064 showed remarkable activity and affinity for SSA, the corresponding product of which is succinate. Recently, a carbon fixation cycle called the 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) cycle was reported in Metallosphaera sedula (Sulfolobales) (Supplemental Fig. S2, left) . 15, 16) S. tokodaii possesses all the genes necessary for carbon fixation via this cycle in its genome. SSA exists as an intermediate of the 3HP/4HB cycle and is reduced to 4-hydroxybutylate for further carbon fixation. 17, 18) SSADH catalyzes the reaction by which SSA diverges from this pathway and enters the TCA cycle as succinate. An excess amount of SSA, produced by reduction from succinyl-CoA, the only common intermediate of both the 3HP/4HB and the TCA cycle, can be catalytically converted by SSADH to provide carbon sources for central metabolism (Supplemental Fig. S2 ). Thus SSADH must play an important role in linking the 3HP/4HB cycle to the TCA cycle, and perhaps the enzyme functions mainly under autotrophic growth conditions, but it remains unknown how this regulation takes place inside the cell. A recent proteomic study of S. solfataricus, found that Ser436 of Sso1842, an ST0064 ortholog, is phosphorylated in glucose-grown cells. 19) Ser at this position is moderately conserved among ST0064 orthologs (Fig. 1, hollow triangle) , and there is a possibility that phosphorylation of this Ser was involved in the regulation of SSADH. We introduced mutations into this Ser, and resulting mutants were S434A, S434D, and S434E. A kinetic analysis of these mutants using SSA and GAP as substrates showed no significant difference from wild-type ST0064, suggesting that this Ser is not involved in the regulation of the activity (Supplemental Table S2 ). Besides GAP and SSA, GA served as a poor substrate, the corresponding product being glycerate. Indeed, GA in the non- The tree was generated with Clustal W by the Neighbor Joining method and viewed with njplot. Bootstrap values obtained for 1,000 pseudoreplicates of the data set are indicated only when the values were higher than 900. St-GAPN (ST2477) and ST0064 are indicated by black arrows, and characterized proteins by gray arrows. Proteins for which the crystal structures have been solved are underlined. Species abbreviations: Sso, Sulfolobus solfataricus; ST, Sulfolobus tokodaii; BSU, Bacillus subtilis; Saci, Sulfolobus acidocaldarius; Ahos, Acidianus hospitalis; TVN, Thermoplasma volcanium; Ta, Thermoplasma acidophilum; PTO, Picrophilus torridus; CA, Clostridium acetobutylicum; Spy, Streptococcus pyogenes; SMU, Streptococcus mutans; PF, Pyrococcus furiosus; TK, Thermococcus kodakarensis; Ttx, Thermoproteus tenax; APE, Aeropyrum pernix; Msed, Metallosphaera sedula; MJ, Methanocaldococcus jannaschii; Tneu, Thermoproteus neutrophilus.
phosphorylating ED pathway in Sulfolobales is oxidized to glycerate by molybdate-dependent glyceraldehyde oxidoreductase. 20, 21) In other archaea, NAD(P) þ -dependent GA dehydrogenase (GADH) has been reported, 22, 23) but no homolog of it is present in the Sulfolobales genome.
By study of their phylogenetic relationships, the cluster composed of SSADHs and succinyl-CoA reductases was found to be located adjacent to the GAPN cluster within the ALDH superfamily, suggesting that they are of the same origin (Fig. 2) . Other archaeal ALDHs, including 2, 5-dioxopentanoate dehydrogenase, methylmalonate-semialdehyde dehydrogenase, and GADH, were excluded from the cluster composed of GAPN and SSADH.
The ST0064 ortholog from T. neutrophilus (Tneu 0421) exhibits a potential for NAD(P)H-dependent reduction of succinyl-CoA, also an essential reaction in the 3-hydroxypropionate/4-hydroxybutyrate cycle of Sulfolobales, but ST0064 showed no reduction of succinyl-CoA. On comparison of the amino acid sequences of ST0064 and Tneu 0421 the general base Glu (Glu263 in Ttx-GAPN) was found to be absent in Tneu 0421, whereas it was present in ST0064 (Fig. 1) . Non-phosphorylating ALDHs can be classified into two types based on CoA dependency, and the absence of the general base Glu is observed in CoA-dependent ALDHs. 24, 25) Reduction of succinyl-CoA to SSA is the reverse reaction of CoA-dependent oxidation of SSA. Thus succinyl-CoA reductase might catalyze the reversible reaction with high preference for the reductive direction. The presence of the general base Glu is a good indicator of putative genes in distinguishing between SSADHs and succinyl-CoA reductases.
